To investigate the role of NF-IL6 in vivo, we have generated NF-IL6 (-/-) mice by gene targeting. NF-IL6 (-/-) mice were highly susceptible to infection by Listeria monocytogenes. Electron microscopic observation revealed the escape of a large number of pathogens from the phagosome to the cytoplasm in activated macrophages from NF-IL6 (-/-) mice. Furthermore, the tumor cytotoxicity of macrophages from NF-IL6 (-/-) mice was severely impaired. However, cytokines involved in macrophage activation, such as TNF and IFNy, were induced normally in NF-IL6 (-/-) mice. Nitric oxide (NO) formation was induced to a similar extent in macrophages from both wild-type and NF-IL6 (-/-) mice. These results demonstrate the crucial role of NF-II.6 in macrophage bactericidal and tumoricidal activities as well as the existence of a NOindependent mechanism of these activities. We also demonstrate that NF-iL6 is essential for the induction of G-CSF in macrophages and fibroblasts.
Introduction
Macrophages acquire enhanced bactericidal and tumoricidal capacity when fully activated following their interaction with microorganisms or following stimulation by microbial products such as lipopolysaccharide (LPS), cytokines such as interferon-y (IFNy), tumor necrosis factor ~ (TNFa), interleukin-2 (IL-2), granulocyte/macrophage colony-stimulating factor (GM-CSF) (Adams and Hamilton, 1987) , or a combination of the above. The most potent macrophage-activating agent among the above is IFN'y, a cytokine produced by T cells and natural killer (NK) cells. IFNy is produced during infection with intracellular bacteria, including Listeria monocytogenes and Mycobacterium bovis. Activated macrophages express a series of phenotype markers essential for specific effector functions, such as the class II histocompatibility antigen, macrophage colony-stimulating factor (M-CSF) receptor, Fc receptors, and complement receptor 3. Such macrophages also synthesize a variety of cytokines, such as IL-113, TNF~, IL-6, granulocyte colony-stimulating factor (G-CSF), M-CSF, and other biologically active molecules, including nonspecific esterase, lysozyme and peroxidase, complement components, plasminogen activator, prostaglandin E2, reactive oxygen intermediates, and nitric oxide (NO). In particular, NO has been identified as a key effector molecule in the macrophage-mediated cytotoxic and cytostatic activity against pathogens and tumor cells (Hibbs et al., 1987; Nathan and Hibbs, 1991) . NO production depends largely on NO synthase that is induced upon macrophage activation. These coordinate changes in the expression of numerous cellular, surface, and secretory proteins observed during the process of macrophage activation are usually regulated by alterations in the transcription of their encoding genes, which in turn are likely controlled by a small set of master transcription factors. Although such master regulatory genes, analogous to the MyoD family members that control muscle differentiation, have not been identified in macrophages, several transcription factors have been identified that could play a role in regulating the differentiation program or that are induced during macrophage differentiation and activation. These include nuclear factor (NF)-I L6, NF-KB, PU. 1, interferon-regulatory factor 1 (IRF-1), Egr-1, and Stat-1. NF-IL6 and NF-KB are expressed in macrophages and are induced by LPS. The DNA recognition motifs for these two factors are found together in the promoter regions of a variety of genes, many of which are activated in macrophages (Matsusaka et al., 1993; Stein et al., 1993) . Expression of PU.1 is restricted to macrophages and B cells (Klemsz et al., 1990) . IRF-1 and Egr-1 are expressed early during macrophage differentiation, and addition of antisense oligomers of each factor into the culture media has been observed to block macrophage differentiation (Abdollahi et al., 1991 ; Nguyen et al., 1993) . Stat-1 is involved in the transcriptional activation of IFNyinduced genes, a process that might contribute to the phenotype of an IFNy-activated macrophage (Shuai et al., 1992) . However, the direct role of these transcription factors in macrophage activation has not been established, e.g., by gene targeting, except in the case of IRF-1, where examination of IRF-1 (-/-) mice revealed its essential role in NO synthase gene induction in macrophages (Kamijo et al., 1994) .
NF-IL6 was originally identified as a nuclear factor that binds to the IL-1 response element of the human IL-6 gene . A cDNA encoding NF-IL6 was cloned and found to be a member of the CCAAT enhancer-binding protein (C/EBP) family, which belongs to the larger family of basic-leucine zipper (bZlP) transcription factors . Subsequent studies have implied that NF-IL6 may be responsible for the regulation of genes encoding many acute phase proteins and cytokines . Meanwhile, NF-IL6 was cloned as a transcriptional activator of a variety of genes and is also known as LAP, AGP/EBP, IL-6DBP, C/EBPI3, or NF-M (Descombes et al., 1990; Chang et al., 1990; Poll et al., 1990; Cao et al., 1991; Ness et al., 1993; Katz et al., 1993) . NF-IL6 expression is dramatically induced during macrophage differentiation (Natsuka et al., 1992; Scott et al., 1992) . Furthermore, NF-IL6-binding motifs are found in the functional regulatory regions of genes specifically induced in activated macrophages, such as IL-6, IL-I~, IL-8, TNFa, G-CSF, NO synthase, and lysozyme genes (Natsuka et al., 1992; Zhang and Ron, 1993; Mukaida et al., 1990; Lowenstein et al., 1993) . This has led to the speculation that NF-IL6 may be necessary for the coordinate expression of a group of macrophage-specific genes and for the acquisition of the macrophage phenotype. Indeed, it has been demonstrated that overexpression of NF-IL6 confers upon a B lymphoblast cell line the ability to induce the inflammatory cytokines, IL-6 and monocyte chemoattractant protein 1, in response to LPS (Bretz et al., 1994) . Furthermore, cotransfection of NF-M (avian NF-IL6) and c-myb was shown to activate the myeloid-specific mim-1 and lysozyme genes in heterologous cell types Burk et al., 1993) . To ascertain the role of NF-IL6, we have generated NF-IL6 (-/-) mice by gene targeting.
In this study, we demonstrated that NF-IL6 is a critical transcription factor in bacteria killing and tumor cytotoxicity as well as in G-CSF induction by macrophages.
Results

Generation of NF-IL6 (-/-) Mice
An NF-IL6 targeting vector was constructed by inserting a neomycin resistance gene derived from pMC1 Neo-poly(A) into the bZIP domain of the NF-IL6 gene, thereby deleting 0.5 kb of DNA containing the basic and leucine zipper domains and the 3' untranslated region, and by placing the herpes simplex virus thymidine kinase gene 10 kb upstream of the NF-IL6 gene for negative selection against nonhomologous integration events ( Figure 1 ). The targeting vector was transfected into embryonic stem (ES) cells by electroporation, and transfectants were selected with G418 and Gancyclovir. Resistant clones were screened by polymerase chain reaction (PCR), and homologous recombination events were confirmed by Southern blot analyses. Five clones were identified in which the normal allele was replaced by a disrupted allele. Two lines of mice carrying the mutation at the NF-IL6 locus have been generated from independently isolated ES cell lines. Northern blot analysis confirmed the absence of any detectable NF-IL6 mRNA in the NF-IL6 (-/-) mice (data not shown). Homozygous mutant mice were obtained from heterozygous parents at a frequency lower than the expected Mendelian ratio, suggesting prenatal and perinatal mortality, but the mice that were born appeared healthy and exhibited no significant increase in mortality rate under specific pathogen-free conditions. Microscopic examination of various tissues from NF-IL6 (-/-) mice did not reveal any gross histological abnormalities (unpublished data).
NF-IL6 (-/-) Mice Are Highly Susceptible to Listeria and Salmonella Infection
Although there were no cases of death under specific pathogen-free conditions, some NF-IL6 (-/-) mice became compromised and died under conventional conditions (unpublished data). Therefore, we imagined that NF-IL6 (-/-) mice might fail to eliminate bacterial pathogens completely and allow their unrestricted growth owing to the inappropriate production of cytokines or defects in macrophage activation. We took advantage of infection by L. monocytogenes, an experimental model in which the interplay between host cells, particularly macrophages and the pathogens, is well characterized. NF-IL6 (-/-) and control mice were infected intraperitoneally with 5 x 102 colony-forming units (cfu) of L. monocytogenes. With this extremely low dose (50% lethal dose for wild-type mice was I x 106cfu), control mice survived,whereas all NF-IL6 (-/-) mice died within 5 days after challenge with Listeria ( Figure 2 ). Histopathological examination showed the multiple foci of accumulated neutrophiis and macrophages in 
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(A) RT-PCR analysis of cytokine mRNA expression. Total RNA was isolated from resident macrophages (R) and proteose peptone-elicited peritoneal macrophages (P) with or without I hr stimulation of LPS (100 ng/ml) and subjected to RT-PCR using the cytokine-specific primers.
(B) Induction of IFNy and TNF(z protein by Listeria infection. Sera were obtained before and 4 days after Listeria infection (5 x 102 cfu, intraperitoneally), and IFNy and TNF(x production was determined by enzyme-linked immunosorbent assay (ELISA; TNF~ and IFNy ELISA kits were purchased from Endogen and Genzyme, respectively). Spleen cells were incubated with heat-killed L. monocytogenes (1 x 106 cfu/ml) for 48 hr, the culture supernatants were collected, and IFNy production was determined by ELISA.
the liver and spleen of NF-IL6 (-/-) mice (data not shown). NF-IL6 (-/-) mice were also highly susceptible to infection by Salmonella typhimurium. Upon intraperitoneal infection with 104 cfu of Salmonella (50% lethal dose for wildtype mice was 3 x 105 cfu), all NF-IL6 (-/-) mice died within 6 days ( Figure 2 ). As was the case with L. monocytogenes infection, the focal accumulation of inflammatory cells was found in the liver and spleen (data not shown). , and endothelial cell-enriched cultures (EC) were incubated with or without LPS (100 ng/ml) for 6 hr. Total RNA was isolated from cells at each time and subjected to RT-PCR. Bottom, total RNA was isolated from liver, spleen, and lung before and after intraperitoneal injection of LPS (50 pg) and subjected to RT-PCR.
Cytokine Induction in NF-IL6 ( -/ -) Mice
(B) G-CSF bioassay. Culture supernatants of peritoneal macrophages, embryonic fibroblasts, and spleen cells were collected. Their G-CSF activity was measured by using G-CSF-dependent cell line NSF-60.
tokines in NF-IL6 (-/-) mice was comparable to that observed in wild-type mice, with the exception of G-CSF. It has been shown that IFN'y and TNF~ are key cytokines for the induction of antimicrobicidal activity by macrophages. Therefore we examined the induction of IFN1, and TNFa during Listeria infection. IFN7 and TNF~ proteins were substantially induced during Listeria infection in NF-IL6 (-/-) mice, ruling out the possibility of impaired induction of IFN1, or TNFa ( Figure 3B ).
G-CSF Induction Is Impaired in NF-IL6 ( -/ -) Mice
As G-CSF mRNA expression was not detected in proteose peptone-elicited peritoneal macrophages treated for 1 hr with LPS, we examined the kinetics of G-CSF mRNA after LPS stimulation over a longer time period ( Figure 4A ). In the wild-type macrophages, expression of G-CSF mRNA was induced by 2 hr, reached a peak level at 5-8 hr, and then declined, whereas in the NF-IL6 (-/-) macrophages, there was a small induction of G-CSF mRNA only detectable at 5-8 hr. The impairment of G-CSF production by NF-IL6 (-/-) macrophages was verified by lower levels of biological G-CSF activity in the culture supernatants ( Figure 4B ). Induction of G-CSF mRNA was also impaired in NF-IL6 (-/-) embryonic fibroblasts and bone marrowderived fibroblasts ( Figure 4A ). However, RT-PCR analy- sis of mRNA from the liver, spleen, and lung revealed a similar intensity of signals for G-CSF mRNA between wild-type and NF-IL6 (-/-) mice. G-CSF activities in the spleen culture supernatants were also comparable between NF-IL6 (-/-) and wild-type mice, suggesting that G-CSF was normally induced by other cell types in these organs from NF-IL6 (-/-) mice ( Figure 4B ). In fact, cultures enriched in endothelial cells from NF-IL6 (-/-) mice expressed G-CSF mRNA as much as those from wild-type mice ( Figure 4A ). Taken together, these results demonstrate that NF-IL6 is essential for the induction of G-CSF in macrophages and fibroblasts.
Escape of Listeria from the Phagosome to the Cytoplasm in NF-IL6 (-/-) Macrophages
The activated macrophage is the primary host cell mediating immunity to L. monocytogenes. Immigration of macrophages to the site of listerial replication, phagocytosis, and intracellular killing by macrophages represent important mechanisms for the eradication of L. monocytogenes. We first examined whether the immigration of macrophages to the peritoneal cavity is dimin ished in NF-I L6 (-/-) mice. The cell numbers of peritoneal exudate macrophages of wild-type and NF-IL6 (-/-) mice 4 days after peritoneal injection of proteose peptone were 5.8 _+ 2.1 x 10 6 and 5.7 _+ 1.6 x 10 8, respectively, demonstrating that the immigration of NF-IL6 (-/-) macrophages was not impaired. We next examined phagocytic activities of macrophages from wild-type and NF-IL6 (-/-) mice. Proteose peptone-elicited macrophages were incubated with fluorescein isothiocyanate (FITC)-Iabeled latex beads and analyzed by flow cytometry. Macrophages from both wildtype and NF-IL6 (-/-) mice phagocytosed beads to a similar extent, suggesting that the phagocytic activities of NF-IL6 (-/-) macrophages were not impaired (data not shown). When phagocytosed by untreated resident macrophages, Listeria readily escape from the phagosome and subsequently replicate in the cytoplasm, surrounded by a cloud or a long tail of actin filaments . In contrast, IFN~,-treated or proteose peptone-elicited macrophages prevent phagosomal escape and confine the bacteria to the phagosome . Therefore, the appearance of actin-coated Listeria after phagocytosis represents evidence of.productive intracellular infection. We therefore examined whether there was any difference between wild-type and NF-IL6 (-/-) macrophages in listericidal activity. For maximal activation of macrophages, proteose peptone-elicited macrophages from wild-type and NF-IL6 (-/-) mice were treated for 20 hr in vitro with IFN7 plus LPS. Activated peritoneal macrophages were infected with L. monocytogenes for 4 hr, then fixed, sectioned, and examined by electron microscopy ( Figure 5 ). In the IFN~, plus LPS-treated proteose peptone-elicited macrophages from wild-type littermates, the vast majority of the bacteria (87%) were in vacuoles, while 13% were free in the cytoplasm. In contrast, in NF-IL6 (-/-) macrophages, 84% of the bacteria were found in the cytoplasm. The majority of these bacteria (79%) were surrounded by actin filaments, and some were in the process of division (Table 1) .
To exclude the possibility that NF-IL6 (-/-) macrophages could not be activated even when treated with LPS plus IFN~,, we examined several surface markers specific (61) 15 (20) "The total number of intact bacteria observed by electron microscopy in one section.
for activated macrophages, such as major histocompatibility complex (MHC) class II molecules, Fc~,R, Mac-l, and lymphocyte function-associated antigen 1 (LFA-1). Expression of these surface molecules by activated NF-IL6 (-/-) macrophages was com parable to expression by activated wild-type macrophages, although MHC class II was already induced in unstimulated NF-IL6 (-/-) peritoneal macrophages (data not shown). Taken together, these results indicate that NF-IL6 (-/-) macrophages cannot kill Listeria even when maximally activated, We next examined the possibility that failure of NF-IL6 (-/-) macrophages to kill Listeria was due to impairment of G-CSF production. However, intraperitoneal injection of G-CSF did not improve the susceptibility to Listeria infection in vivo either (data not shown), nor could addition of G-CSF improve the efficacy of Listeria killing by NF-IL6 (-/-) macrophages in vitro (Table 1) . These results indicate that impairment of G-CSF may not play a role in the Listeria killing defect observed in NF-IL6 (-/-) mice.
Production of NO and Reactive Oxygen Intermediates in NF-IL6 (-/-) Macrophages
The mechanisms by which activated macrophages kill intracellular pathogens are not well known. However, a number of studies have demonstrated the importance of NO as both an antimicrobial and a tumoricidal agent. We examined production of NO in peritoneal macrophages from wild-type and NF-IL6 (-/-) mice ( Figure 6A ). Proteose peptone-elicited macrophages were cultured in the presence of IFNy and LPS for 48 hr, and the NO2-concentrations in the culture supernatants were determined. NO2-production was detectable in NF-IL6 (-/-) macrophage cultures to the same extent as in wild-type macrophage cultures. NO is produced by NO synthase, which is inducible in macrophages by cytokines, LPS, or both. NF-IL6-binding sites are present in the region responsible for LPS induction of the mouse macrophage NO synthase gene. We therefore examined expression of NO synthase in the activated peritoneal macrophages by RT-PCR. NO synthase mRNA was induced to a similar extent in NF-IL6 (-/-) and wild-type macrophages within 2 hr after IFN~, and LPS stimulation, as well as at 4 days after Listeria challenge (data not shown). These results indicate that NF-IL6 (-/-) macrophages cannot kill Listeria even when NO production is not impaired. However, our present study supported a role for NO in Listeria killing, since the microbial growth was enhanced when NG-monomethyI-L-arginine (L-NMMA), an inhibitor of NO synthase function, was added to wild-type macrophages ( Figure 6B ). In this respect, it is noteworthy that the growth rate of the bacteria Figure 6 . Production of NO and Oxygen Intermediates by Macrophages (A) NO2-release in peritoneal macrophages from wild-type and NF-IL6 (-/-) mice. Proteose peptone-elicited peritoneal macrophages were cultured for 48 hr in the presence or absence of IFN7 (100 U/ml) and LPS (100 ng/ml). NO2-release into the culture medium was determined. (B) Bactericidal assay of activated macrophages. Proteose peptone-elicited peritoneal macrophages from wild-type and NF-IL6 (-/-) mice were stimulated with IFNy (100 U/ml) and LPS (100 ng/ml) for 20 hr, and intracellular Listeria killing was determined in the presence or absence of 1 mM L-NMMA, a specific NO synthase inhibitor. (C) 02 and H202 release from wild-type and NF-IL6 (-/-) macrophages. NalO4-elicited peritoneal macrophages from wild-type and NF-IL6 (-/-) mice were stimulated with PMA, and production of H202 and O2-was measured in the presence or absence of catalase (2000 U/ml) (scavenger of H~O2) or SOD (800 U/ml) (scavenger of Oz-). (D) Effect of reactive oxygen intermediate scavengers on bactericidal activity. Proteose peptone-elicited peritoneal macrophages from wild-type mice were stimulated with IFNy (100 U/ml) and LPS (100 ng/ml) for 20 hr, and bactericidal activity was measured in the presence of catalase (2000 U/ml) (scavenger of H2Oz) or SOD (800 U/ml) (scavenger of O~-). . Tumor Cytotoxic Assay of Activated Macrophages Proteose peptone-elicited peritoneal macrophages from wild-type and NF-IL6 (-/-) mice were stimulated with IFN7 (100 U/ml) and LPS (100 ng/ml) for 48 hr, and cytolytic and cytostatic activity against the P815 mastrocytorna cell line was assayed in the presence or absence of 1 mM L-NMMA.
after the 2 hr time point was almost identical among the NF-IL6 (-/-) macrophages, the L-NMMA-treated wild-type macrophages, and the L-NMMA-treated NF-IL6 (-/-) macrophages, indicating that both NO production and NF-IL6 function are essential for Listeria killing, and loss of either completely abolishes the bactericidal activity.
There is evidence to suggest that reactive oxygen intermediates are also important in the killing of microorganisms. Therefore, we measured the production of reactive oxygen intermediates by macrophages. Production of superoxide and hydrogen peroxide was significantly suppressed in NF-IL6 (-/-) macrophages in comparison with wild-type macrophages ( Figure 6C ). However, reactive oxygen intermediates do not appear to be responsible for Listeria killing, since neither catalase (which converts hydrogen peroxide to water and oxygen) nor superoxide dismutase (which converts superoxide anion to hydrogen peroxide) had any effect on the inhibition of growth of L. monocytogenes ( Figure 6D) . Furthermore, the reactive oxygen intermediate production from neutrophil was comparable between wild-type and NF-IL6 (-/-) mice (data not shown).
Impairment of Tumor Cytotoxicity in NF-IL6 (-/-) Macrophages
We further examined the tumor cytotoxicity of NF-IL6 (-/-) macrophages. Tumoricidal and tumoristatic activities were assayed by measuring released and incorporated radioactivity in cocultures of proteose peptoneelicited macrophages and P815 tumor target cells, respectively. The tumoricidal and tumoristatic activities of NF-IL6 (-/-) macrophages against P815 were extremely low (Figure 7) . Furthermore, the ability of wild-type macrophages to kill or inhibit the cell growth of P815 was markedly inhibited by L-NMMA, and this inhibition was accompanied by loss of NO production. In contrast, the tumoricidal and tumoristatic abilities of NF-IL6 (-/-) macrophages were severely impaired, irrespective of the amounts of NO production. Taken together, these results demonstrate the existence of a mechanism of tumoricidal and tumoristatic activities that is independent of NO and that is mediated by NF-IL6, although it is clear that NO otherwise plays a central role in mediating these activities in activated macrophages.
Discussion
NF-IL6 Is Essential for Bactericidal and Tumoricidal Activities by Macrophages
Facultative intracellular bacteria, including L. monocytogenes and S. typhimurium, are pathogens characterized by their ability to survive and grow inside host macrophages (Kaufmann, 1993) . Once phagocytosed by macrophages, these pathogens are killed, or their growth is inhibited by activated macrophages. IFNy and TN Fa have been shown to be of critical importance for the killing of intracellular pathogens. Indeed, administration of IFNy or TNF~ can protect mice against infection with L. monocytogenes, and injection of antibodies against IFNy or TNFa causes increased growth of L. monocytogenes (Kiderlen et al., 1984; Buchmeier and Schreiber, 1985; Havell, 1987) . The importance of TNF~ and IFN~, for protection against infections with Listeria was reinforced by recent findings showing that mice deficient for the 55 kDa TNF receptor or for IFNy receptor are extremely susceptible to Listeria and easily succumb to infection (Huang et al., 1993; Pfeffer et al., 1993; Rothe et al., 1993) . However, we could not detect any impairment in IFNy or TNFa induction in NF-IL6 (-/-) mice. Nevertheless, the present data show that macrophages from NF-IL6 (-/-) mice have defects in bacteria and tumor killing, both of which can be elicited as a consequence of macrophage activation by IFN~, and TNFm Although the mechanism by which activated macrophages kill intracellular pathogens or tumor cells is not completely known, a number of studies have demonstrated that the generation of NO and reactive nitrogen intermediates plays a crucial role in these activities (Hibbs et al., 1987; Nathan and Hibbs, 1991) . NO production by macrophages depends on the action of NO synthase in mammalian tissues. Macrophage NO synthase is expressed at low levels under basal conditions, but is induced by IFNy and TNF~ or by nonspecific bacterial products such as LPS. Interestingly, NF-IL6-binding sites are identified in the region most important for mediating LPS induction of the mouse macrophage NO synthase gene (Lowenstein et al., 1993) . However, our present study with NF-IL6 (-/-) mice demonstrated that the production of NO was not affected in NF-IL6 (-/-) macrophages, although we clearly demonstrated that NO is actually involved in these bactericidal and tumoricidal activities. This suggests that production of NO is necessary but not sufficient for bacteria and tumor killing by activated macrophages. Taken together, these facts suggest that in addition to a NO-dependent mechanism, there exists a NO-independent mechanism of bacteria and tumor killing that is mediated by NF-IL6 in activated macrophages. These two pathways could act in conjunction or synergistically in mediating bactericidal and tumoricidal activities.
Alternatively, NF-IL6 may be responsible for the expression of components of a mechanism that enhances NOmediated bactericidal activity. For example, it has been expected that Nramp, a protein involved in the natural resistance to infection by microorganisms such as Mycobacteria, Salmonella, and Leishmania, may be such a component. Nramp is an integral membrane protein that has structural homology with prokaryotic and eukaryotic transport proteins and has been speculated to function as a nitrite/nitrate concentrator in the cell membranes of phagosomes (Vidal et al., 1994) . Susceptibility to infection in mycobacterium Bacille Calmette-Gu~rin (BCG)-susceptible strains has been shown to be associated with one amino acid substitution within the predicted transmembrane exon 2 of Nramp. However, we could not detect any difference in Nramp mRNA expression between wild-type and NF-IL6 (-/-) macrophages (our unpublished data).
NF-IL6 Is Responsible for Macrophage-and
Fibroblast-Specific Induction of G-CSF G-CSF is induced primarily in macrophages, fibroblasts, and endothelial cells. Analyses of a set of linker-scanning and internal deletion mutants of the G-CSF promoter showed that a segment between -165 and -196 bp, GPE1, plays an important role in the LPS-inducible expression of the G-CSF gene in macrophages (Nishizawa and Nagata, 1990 ). An NF-IL6-binding motif is present within GPE1 and binds recombinant NF-IL6 (Natsuka et al., 1992) . Subsequent studies on the GPE1 region revealed that both a CK-1 element, which can bind the NF-KB p65 protein, and an adjacent NF-IL6 element within GPE1 are critical for induction of the G-CSF promoter by TNF~ and IL-lJ3 (Shannonen et al., 1992) . It has also been demonstrated that both NF-KB p65 and NF-IL6 can bind to the TNF response region of the G-CSF promoter and form a ternary complex with the DNA. In chicken myeloid cells, a myeloid-specific transcription factor, NF-M, has been implicated in the activation of the gene encoding chicken myelomonocytic growth factor (cMGF), a homolog of human G-CSF (Sterneck et al., 1992) . The recent cloning of NF-M has revealed that NF-M is a member of the C/EBP family and represents the chicken homolog of NF-IL6 Katz et al., 1993) . Thus, these findings suggested the involvement of NF-IL6 in the transcriptional regulation of G-CSF. The present study clearly demonstrates an important role for NF-IL6 in the induction of G-CSF in macrophages and fibroblasts, but not in endothelial cells. The significance of this report lies in its demonstrating that a ubiquitously expressed transcription factor is actually involved in tissue-specific gene regulation.
Accumulating evidence indicates that N F-IL6 is involved in the induction of various cytokines, including IL-6, IL-I~, TNF~z, IL-8, and G-CSF. However, in our present studies, we did not observe any loss or decrease in the expression and induction of these cytokines in cells lacking NF-IL6, except for G-CSF. This fact suggests that other C/EBP family member(s) could substitute for NF-IL6, except in the case of G-CSF induction in macrophages and fibroblasts. In fact, NF-IL613 (C/EBPS) exhibits an expression pattern similar to that of NF-IL6 and has been shown to be involved in the regulation of several genes induced during inflammation (Kinoshita et al., 1992) . To examine this speculation, we are now in the process of generating double knockout mice lacking both NF-IL6 and NF-IL613.
In this paper, we have demonstrated that NF-IL6 (-/-) mice are highly susceptible to infection by L. monocytogenes and S. typhimurium. Electron microscopic observations revealed that NF-IL6 (-/-) macrophages were not able to retain L. monocytogenes effectively within their phagosomes, even when maximally activated in vitro with IFN7 plus LPS, resulting in escape of the bacteria into the cytoplasm. Furthermore, tumor cytotoxic activity by macrophages was severely impaired in NF-I L6 (-/-) mice. Finally, we have also shown that NF-IL6 is actually involved in the gene regulation of G-CSF. Although the mechanisms by which macrophages control the proliferation of intracellular pathogens and tumor cells are not yet fully understood, it is apparent that NF-IL6 plays an essential role in these activities. We expect that identification of the target genes regulated by NF-IL6 will disclose a novel mechanism involved in bacteria and tumor cell killing by activated macrophages.
Experimental Procedures
Construction of Targeting Vector
An 11 kb genomic fragment spanning from 8.5 kb 5' of the NF-IL6 transcription initiation site to 2.3 kb 3' of the end of the exon was subcloned into pUC18 plasmid vector. A 0.5 kb fragment containing the basic domain, leucine zipper domain, and 3' untranslated region was deleted and replaced by a 1.1 kb XhoI-Sall fragment of the neomycin phosphotransferase gene (neo) derived from pMC1Neo-poly(A) (Thomas and Capecchi, 1987) . The MCl-herpes simplex virus thymidine kinase (HSV-TK) (Mansour et al., 1988) was inserted into the unique Hindlll site in the 5' end of the homologous region.
Electroporation of ES Cells and Generation of NF-IL6 (-/-)
Mice E 14-1 ES cells were grown on mitomycin C-tl'eated primary embryonic fibroblasts that are extracted from day 15 embryos of neo-transgenic mice, at 37°C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 15% heat-inactivated fetal bovine serum (Hyclone), 0.1 mM 2-mercaptoethanol, 1 mM sodium pyruvate, and 103 U/ml leukemia inhibitory factor (LIF), which is purified from supernatant of the cells transfectedwiththe LIFexpression vector. Cells(1 x 107)wereelectroporated in 800 p.I of phosphate-buffered saline (PBS) with 32 I~g of Sall-linearized targeting vector DNA at 230 V, 500 I~F in a Bio-Rad Gene Pulser. Cells were plated on feeder layers in 100 mm dishes and transferred 24-48 hr later to growth medium supplemented with G418 (400 p.g/ml) (GIBCO) and Gancyclovir (2 IIM) (a gift from Syntex, Incorporated, Japan). G418-and Gancyclovir-resistant colonies were picked up 10-12 days later. Homologous recombination was screened by PCR and subsequently confirmed by genomic Southern blot hybridization. The generation of chimeras and mutant mice was essentially as described (Kawabe et al., 1994) .
L. monocytogenes Infection
Mice were injected intraperitoneally with 5 x 102 cfu of L. monocytogenes. The G-CSF-treated group were injected intraperitoneally with 10 p.g of recombinant human G-CSF (a gift of Sankyo Company, Limited) for 5 days prior to challenge with Listeria (Serushago et al., 1992) . For RT-PCR analysis, surviving animals were sacrificed at day 4, and total RNA was extracted from spleen and peritoneal exudate cells.
Preparation of Proteose Peptone-or Sodium Periodate-Elicited Peritoneal Macrophages
Mice were killed 4 days after intraperitoneal injection of 2 ml of 10% proteose peptone or 5 days after intraperitoneal injection of 1 ml of 5 mM sodium periodate (NalO~). Peritoneal exudate cells were harvested by washing the peritoneal cavity with 5 ml of PBS. The cells were cultured for 2 hr in DMEM supplemented with 10% fetal bovine serum, penicillin G (100 U/ml), and streptomycin (100 i~g/ml). Nonadherent cells were removed, and the remaining macrophage monolayers were used in further experiments.
RT-PCR Analysis of Cytokine Gene Expression
Tissue RNA was isolated from fresh tissues (liver, spleen, and lung) by using Isogen (Nippon Gene) before and after intraperitoneal injection of LPS (50 pg). Macrophage RNA was isolated from the adherent monolayer of resident or proteose peptone-elicited peritoneal macrophages with or without stimulation of LPS alone or of IFNy (100 U/ml) plus LPS (100 ng/ml). Primary embryonic fibroblasts were harvested from day 16 embryos. Bone marrow fibroblasts were harvested as follows: the bone cavity was flushed with PBS, and adherent cells were cultured for more than 1 month, to remove macrophages. Cultures enriched in endothelial cells were prepared as follows: the inner cavity of the thoracic and abdominal aorta was filled with Trypsin-EDTA solution, clumped, and incubated at 37°C for 30 rain. Detached cells were harvested and cultured, cDNA synthesis was performed using Superscript II Moloney murine leukemia virus reverse transcriptase. The eDNA product was amplified by commercially available cytokine primers (Clontech Laboratories, Palo Alto, CA) as well as primers for G-CSF (5'-CCAACTTTGCCACCACCATCT-3', 5'-GGAGCAGCAGC-AGGAATCAATA-3'), MIPI~ (5'-ACTGCCCTTGCTGTTCTTCTCT-3', 5'-AGGCAATCAGTTCCAGGTCAGT-3~, NO synthase (5'-CAAAGTC-AAATCCTACCAAAGTGACCTG-3', 5'-TGCTACAG TTCCGAGCGTC-AAAGACCTG-3'), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5'-GTGAAGGTCGGTGTGAACGGATTT-3', 5'-TTATTATG-GGGGTCTGGGATGGAA-3').
G-CSF Biosssay
Proteose peptone-elicited peritoneal macrophages and primary embryonic fibroblasts were plated at a density of 2 x 106 cells/ml (0.5 ml/well) and 6.7 x 10 s cells/ml (1.5 ml/well), respectively, and cultured with LPS (100 ng/ml) for 24 hr, and the supernatants were collected. For the G-CSF bioassay in spleen culture supernants, an equal weight (0.5 g) of spleen from each mouse was gently disrupted, and the total population of the spleen, including adherent cells, nonadherent cells, and connective tissue portions, was stimulated by LPS for 24 hr. The G-CSF bioassay was performed by incubating the G-CSF-dependent cell line NFS-60 with serial supernatant dilution. Cell growth was measured by [3H]thymidine uptake or cell count kit (Dojin).
Transmission Electron Microscopy of Peritoneal Macrophages Infected with L. monocytogenes
Proteose peptone-elicited peritoneal macrophages were cultured in complete medium containing IFNy (100 U/ml) and LPS (100 ng/ml) with or without G-CSF (50 ng/ml) for 20 hr, then infected with L. monocytogenes for 4 hr at a bacteria/macrophage ratio of 10:1 . Macrophages were harvested, fixed, sectioned, and examined with a JEOL 1200EX transmission electron microscope (Umemoto et al., 1993) .
Nitric Oxide Production by Macrophage
Proteose peptone-elicited peritoneal macrophages were plated on a 96-well plate at 1 x 10 s cells/well and cultured with or without IFN7 (100 U/ml) plus LPS (100 ng/ml) for 20 hr in the presence or absence of 1 mM L-NMMA. NO2-concentration in the medium was measured with Griess reagent (Ding et al., 1988) .
Bactericidal Assay
Proteose peptone-elicited peritoneal macrophages were plated on a 24-well plate at 8 x 10 s cells/well and cultured with IFNy (100 U/ml) and LPS (100 ng/ml) for 20 hr with or without inhibitors such as L-NMMA (1 mM), catalase (2000 U/ml), or superoxide dismutase (SOD) (800 U/ ml). After washing with PBS, RPMI 1640 plus 10% normal mouse serum without antibiotics was added with 1 x 10 ~ cfu/ml of L. monocytogenes. At the 30 min time point, wells were washed, 1 ml of 0.05% Triton X-100 was added per well, and the cells were lysed (time 0). Other wells were incubated with RPM11640 plus 10% FCS and 5 I~g/ ml gentamicin for 2 or 8 hr in the absence or presence of inhibitors and then washed and lysed with 0.05% Triton X-100. Listeria killing was determined by counting the number of cfu per well.
O=-and H=O= Assays
NalO4-elicited peritoneal macrophages were plated on a 24-well plate at 5 x 10 s cells/well for 02-assay or on a 96-well plate at 1 x 10 s cells/well for H20~ assay and were cultured overnight to eliminate neutrophils. Macrophages were treated with phorbol myristate acetate (PMA), O2-production was determined by reduction of cytochrome C as described (Tsunawaki and Nathan, 1983) , and H202 production was measured by oxidation of scopoletin as described (Harpe and Nathan, 1985) .
Tumor Cytotoxic Assay
Proteose peptone-elicited peritoneal macrophages were plated on a 96-well plate and activated with IFNy (100 U/ml) and LPS (100 ng/ml) for 48 hr. Cytolytic and cytostatic activities against a mastocytoma cell line, P815, were assayed (Meltzer, 1981; Kaplan, 1981) .
